The utility of a noncontact photoconductive decay (PCD) technique is demonstrated in measuring the bulk lifetime, zs, and surface recombination velocity, S, in detector grade silicon and germanium crystals. We show that the simple analytical equations which relate the observed effective lifetimes in PCD transients to ze and S have a limited range of applicability. The noncontact PCD technique is used to determine the effect of several surface treatments on the observed effective lifetimes in Si and Ge. A degradation of the effective lifetime in Si is reported as a result of the growth of a thin layer of native oxide at room temperature under atmospheric conditions.
material parameters such as the bulk lifetime (re) and surface recombination velocity (9. These two parameters affect the spectral background, energy resolution and entrance window dead layers in semiconductor detectors [l] . Measurement of the values of zB and S during detector fabrication procedures provides useful feedback for the development of optimum fabrication processes. Of the several available techniques to determine the free carrier lifetime in semiconductors, noncontact photoconductive decay (PCD) measurements are the most suitable for a fabrication environment since they require minimal sample preparation, can be used on line in between processing steps, and are nondestructive [2] .
In this paper, we evaluate and utilize a noncontact PCD technique to measure the decay times of free carriers in detector grade floating-zone Si and high purity Ge, as part of an effort to develop a simple characterization tool which will aid in detector process development. Furthermore, we evaluate the limitations of different data analysis schemes which are used to interpret PCD transient data and we describe the proper use of such techniques. Two examples are described in which the PCD technique is used to measure the growth of native Si02 on Si after chemical etching and the effect of amorphous Ge deposition on the measured effective lifetime of Ge.
EXPERIMENTAL SETUP
The design of our noncontact lifetime measurement system is based on an inductively coupled photoconductive decay (ICPCD) technique described previously in the literature [3,41. A block diagram of the system is shown in Fig. 1 . The sample is placed on top of a 4-turn radio coil having a diameter of approximately 2 cm. The sample is inductively coupled to the coil and the measurement system by effectively behaving like a single turn secondary coil. The coil/sample combination is connected to a variable capacitor tuning element via a rigid coaxial cable with a length equal to half the wavelength of the applied 75 MHz RF signal. The section of the apparatus shown in the dashed box of Fig. 1 is a simple capacitance matching network that is tuned to present a 50 SZ impedance in the 20 dB coupler. The generated RF signal is split into two parts with amplitudes SI and S2. SI goes to the 20 dB coupler and then into the branch of the system containing the sample. The output signal from the coupler, S,, which is subsequently amplified by the wide band amplifier, is dependent on any impedance "mismatch" that the sample load presents to the coupler. With the sample in place, the capacitance matching network is tuned, using an RF vector voltmeter, so that the sample load to the coupler is 50 R. Connecting the load to the coupler, thc phase shiftcr is adjusted to produce a minimum signal out of the mixcr. Thc light from the IR LEDs cxcitcs free carriers in the semiconductor and increases sample conductivity. This in turn decreases the load impedance creating an impedance mismatch at the coupler and thus an increased F W signal out of the coupler. Once the optical source on the sample is turned off, the RF signal envelope from the coupler decays with a time constant that is proportional to the photoconductive decay of the Carriers in the semiconductor sample. The output from the mixer is proportional to:
where o is the resonant frequency and A@ is the phase difference between S2 and s&). The mixer output signal passes through a low pass filter to eliminate the higher harmonics and is then stored in a digital oscilloscope.
An array of infrared LEDs (A,= 875 nm, FWHM = 100 nm) was used to excite free carriers in the silicon samples.
The meaSurements were performed at low LED power levels (-10-100 mW) to ensure a low level injection (An cc no). The optical pulsewidths were 100-500 ps and the pulse rise/fall time was less than 250 ns. For the thicker germanium samples, a strobe light was used as the excitation source with a maximum output of 40 W. This source had a broadband spectral output with approximately Gaussian pulses having FWHM 215 p. Filters were used to adjust the light intensity and ensure a low level injection. The measured PCD transients were fitted and the characteristic effective lifetimes, 7#* were extracted from them. The relationship of 7cs to 7B and S is discussed in the next section.
DATA ANALYSIS
Surface recombination of photogenerated carriers influences the PCD transients extensively and introduces complications in the analysis of the transients [SI. When surface effects are eliminated, then PCD transients are governed by a single decay constant which is the bulk lifetime. That is, the nonequilibrium conductivity decays according to the function exp(-t/z~). In reality, however, finite surface recombination rates result in multiexponential PCD transients [5] [6] [7] The exact solution to the equations governing the decay of photoexcited carriers in a semiconductor with finite surface recombination velocities gives rise to PCD transients that decay according to:
and the characteristic times are given by:
whcrc D is thc diffusion cocfficicnt, and a + are given by the solutions t o the transcendental equation:
where L is the sample thickness. 
IV. RESULTS
To demonstrate the effectiveness of the ICPCD technique, we report on our measurements of the degradation of the effective lifetime in Si due to native oxide growth on Si. The growth of the native oxide on silicon surfaces at room temperature under atmospheric conditions after dilute HF etching has generated great interest recently from the silicon industry, because the thin native oxide films (10-50 A) influence the growth of high quality epitaxial silicon [9-121. The well studied thermodynamics which control the growth of thermal oxide on silicon is inadequate in describing the kinetics of native oxide growth [91. Several investigators have used ellipsometry to measure the growth rate of the native oxide on silicon [9,11-131 and they have found that the oxide grows logarithmically with time on a freshly etched Si surface, saturating at a thickness of approximately 10-50 A over a 24 hour period, depending on ambient conditions. The growth of native oxide is associated with the creation of surface states due to breakage of Si-Si and Si-H bonds in favor of the formation of Si-0 and Si-OH bonds [ lo] . A decrease in the band-toband photoluminescence intensity in HF treated Si over time has also been ascribed to a decrease of the surface lifetime due to native oxide growth [lo] . We have measured this change in the surface lifetime of Si due to oxide growth using the ICPCD system. The test sample was a 1 mm thick, 4 cm2 square, high resistivity, floating-zone Si (p-type, NA -N~-l 0 " ~m -~) .
The sample was etched in HN03:HF (3:l) for one minute followed by an isopropanol quench and then given a two minute E H 2 0 (15) etch, followed by a one minute DI water rinse. The sample was then placed in the ICPCD measurement system and the PCD transients were measured over time. (During the course of the experiment, the room temperature was 2 2 e " C and the humidity was 5 2 3 % ) Figure 3a shows a typical normalizcd K D transient from these samples. The output of the infrared LED signal is also shown in this figure demonstrating the relatively sharp turn off time Of the optical source. Each transient was curve fitted and an effective lifetime was extracted. Figure 3b shows the decay part of the transient fitted with an exponential function having an effective decay time of 140 p. Figure 4 shows the effective lifetime as a function of time after etching for the silicon samples. Fig. 5b . The fitting parameters for the Ge were rB = 5000 ps, D = 80 cm2/sec, and S = 1300 cm/sec. The dramatic difference in S between the Si and Ge samples is due to the higher surface state density resulting from the thin native oxide layer on the silicon surface. and the calculated results (-) for (a) Si, and @) Ge.
V. CONCLUS ION
We have evaluated the utilization of a noncontact photoconductive decay measurement technique to determine the cffectivc lifclimc ofdctcctor gradc high purity Si and Ge crystals. Thc tcchniquc is idcally suitcd for use in a dctcctor fabrication environment, because it docs not require cxtcnsive sample preparation and is nondestructive. Furthermore, we have identified the inherent limitations which exist in the analysis of PCD transients using simple analytical expressions that relate the observed ?&o .rBand S. The ICPCD technique is shown to be effective in the measurement of the degradation of zeff as a function of native oxide growth on Si, and for estimating g and S as a function of processing conditions of high purity detector grade Si and Ge. We are incorporating the ICPCD technique as an aid in the optimization of key processing steps in the fabrication of Si and Ge radiation detectors.
